Abstract: Field measurements of salinity, wind and river discharge and numerical simulations of hydrodynamics from 1978 to 1984 are used to investigate the dynamics of the buoyant plume off the Pearl River Estuary (PRE), China during summer. The studies have shown that there are four major horizontal buoyant plume types in summer: Offshore Bulge Spreading (Type I), West Alongshore Spreading (Type II), East Offshore Spreading (Type III), and Symmetrical Alongshore Spreading (Type IV). River mouth conditions, winds and ambient coastal currents have inter-influences to the transport processes of the buoyant plume. It is found that all of the four types are surface-advected plumes by analysing the vertical characteristic of the plumes, and the monthly variations of the river discharge affect the plume size dominantly. The correlation coefficient between the PRE plume size and the river discharge reaches 0.85 during the high river discharge season. A wind strength index has been introduced to examine the wind effect. It is confirmed that winds play a significant role in forming the plume morphology. The alongshore wind stress and the coastal currents determine the alongshore plume spreading. The impact of the ambient currents such as Dongsha Current and South China Sea (SCS) Warm Current on the plume off the shelf has also assessed. The present study has demonstrated that both the river discharge and wind conditions affect the plume evolution.
Introduction 1
Continental shelves associated with large river systems typically receive a large amount of freshwater 2 and sediment discharge which can influence coastal circulations, coastal sediment budgets and other 3 chemical/biological transport processes. The mechanism of freshwater discharged into the continental 4 shelf has been studied intensively. Many of these large river estuarine and shelf buoyant plumes, such 5 as the Amazon, the Changjiang and the Mississippi, have received the most attentions due to their 6 large discharge amount to the ocean. A series of previous studies have been conducted based on the 7 field monitoring data and numerical simulations to understand a variety of plume structures inside and 8 outside the estuary (Lentz, 1995; Lentz and Limeburner, 1995; Walker, 1996; Estourneal, 1997; Zhu et 9 al., 1997; Geyer, 2000) . It was found that the dynamic processes of the buoyant plume were controlled 10 by various oceanic dynamic forces, river mouth conditions and the topography of the adjacent ocean. 11
Pu (2002) confirmed the south spreading of Changjiang plume and the northeast spreading which is 12 dominated by the summer monsoon wind, the cold eddy and the current of Yellow Sea. Two Rhone 13 plumes responding against wind conditions had also been documented by Estourneal (1997). The 14 detailed plume morphology of Mississippi Plume was analysed using satellite data by Walker (1996) . 15 Yankovsky and Chapman (1997) developed criteria to categorize two types of plumes based on the 16 bottom topography information. 17
In the last two decades, various techniques including field measurements, satellite observations and 18 numerical models have been adopted to understand the buoyant plume structures and their associated 19 circulations under different forcing. Chao and Boicourt (1986) and Chao (1988) are the earliest to 20 apply an ocean model with idealized topography to examine the effects of wind and river discharge on 21 buoyancy plumes. Gavine (1995) introduced scaling analysis to assess the contribution of advection 22 terms and Coriolis force to the buoyant plume, which are important for interpreting observations and 23 model results. The dependence of three-dimensional plume characteristics on model parameters were 24 investigated (Kourafalou and Lee, 1996; Garvine, 1999; Kourafalou, 1999; Garvine 2001) . A 25 conceptual model was developed to study the impact of an upwelling wind to the surface-advected 26 plume by Fong and Geyer (2001) . Their model simulations demonstrate that the plume thins and is 27 advected offshore by the cross-shore Ekman transport. The advection of cross-shore salinity gradients 28 and vertical mixing controls the evolution of the plum. 29
More recently, the bulge shape of the plume has been studied (Fong and Geyer, 2002 ), which appears 30 to be a prominent characteristic. With neglecting the wind effect, the ocean current has been showed to 31 be the significant factor to the bulge shaping. This is further confirmed by laboratory experiments by 32
Horner-Devine et al. (2006) . However, the wind influence on a coastal buoyant plume was 33 from 1978-1984 over 7 years (Ma et al., 1990) . The data would allow us to investigate the summer 23 characteristics of buoyant plume in ways that few other plume studies have been able to. In particular, 24 only a few researchers have considered the complexity in plume shaping that results form wind 25 conditions. Therefore, in the present study, the comprehensive long time monitoring data and a 26 numerical model are to be applied to study the buoyant plume dynamics and to assess the impacts of 27 the river discharge, the wind and the ambient current on the PRE plume. 28
Monitoring data review 29
The Pearl River Estuary (PRE) is located in between of the Taiwan Shoal and the Hainan Island of the 30 northern South China Sea (SCS). In the present study, the PRE and its adjacent continental shelf with 31 an ENE-WSW orientation covering about (150, 300) km in both direction were included, which is 1 shown in Figure 1 . The measured parameters included the water depth, the salinity, the temperature, the wind, the PH 6 value and the wave height. The collected comprehensive datasets not only provide information for the 7 ocean resources exploitation, the ocean engineering, the navigation and the ocean environment 8 assessment, but also for a further study on coastal dynamics. 9
The Pearl River's drainage basin is located entirely in a subtropical zone and dominated by monsoonal 10 climate, which determines the winds and the Pearl River runoffs. The northeastern monsoon prevails in 11 winter and the Pearl River discharge is smallest. When the southwestern monsoon begins in April-12
May, the flood season also begins. Usually, the southwestern monsoon prevails in summer and 13 becomes strongest in July with the annual peak discharge of the Pearl River .The spring is the 14 transitional seasons from the northern monsoon to southwestern monsoon while the autumn reverses. 15
The dominant wind of every month in the study area during 1978 to 1984 is shown in Table 1. In the  16 study region, the local southwest, the south, the southeast and the east winds occur most frequently in 17 the region during summer monsoon. Figure 2 shows the Pearl River discharge during 1978 to 1984. 18
The seasonal discharge variation of the Pearl River is significant. In the flood season between April-19 September, the Pearl River receives the 78% of the annual runoff. In summer (June -August), 50% of 20 the runoff runs into the northern of SCS through the Pear River, while only 10% runoff flows into PRE 21 estuary in winter (December -February). It is known that in summer the northern continental shelf of 22 SCS off PRE is greatly influenced by the large amount of freshwater discharged from the Pearl River. 23
The low salinity water spreads off PRE and floats on the continental shelf which is driven by complex 24 oceanic forces, i.e. a buoyant plume typically forms in summer. However, Dong et al. 
Horizontal characteristics 2
In order to emphasize both the plume spreading direction and offshore bulge, the study area is 3 partitioned into three regions as shown in Figure 3 : PRE region, Western Guangdong Sea region 4 (WGS) and Eastern Guangdong Sea region (EGS). The salinity isohaline of 32 psu is determined to be 5 the offshore boundary of the buoyant plume. 6
In early studies, Chao (1988) used the non-dimensional parameter  r , which is the ratio between the 7 offshore bulge width and the width of the coastal current to characterise plumes. The plume is 8 determined to be a bulge shape (supercritical) if r＞1.7, or be alongshore spreading (subcritical) if r 9 ＜1.7. Kourafalou and Lee (1996) also found that the value of  r is close to 1 in their numerical 10 simulation results with high eddy viscosity diffusive plume. Under most circumstances, the alongshore 11 spreading plume behaviour prevails under the strong mixing due to tides and winds. In the present 12 study, the non-dimensional parameters representing the discharge conditions and the scale of the 13 buoyant plume have been derived to classify the plume structure. They are: 14
where L is defined as the maximum spreading distance between the boundary salinity isohaline (i.e 16 S=32 psu) and the river mouth in the PRE region; L E refers to the maximum spreading distance from 17 PRE boundary to the boundary salinity isohaline in EGS region; L W is defined as the maximum 18 spreading extent from PRE boundary to the boundary salinity isohaline in the WGS region; and L C is 19 defined as the seaward plume width at the boundary between the PRE and the WGS region. The 20 parameter specifications are illustrated in Figure 3 . 21
The monitoring data collected in summers from 1978 to 1984 are analysed. The plume shapes in terms 22 where the low-salinity water was carried from the mouth of PRE to the western region of Hainan 13 Island, but the eastward extension was stopped near Hong Kong coast. A larger portion of freshwater 14 flows offshore and westwardly, as shown in Figure 4 The dominant characteristic of the Type III -East Offshore Spreading plume is that the low-salinity 21 water from PRE flows offshore and eastwardly to EGS, but not alongshore eastwardly, as shown in 22 
29
Type IV buoyant plume always evolves from the Type III plume. For Type III plumes, the criteria for 1 the nondimentional parameters still the same as that of Type II plumes, i.e.1 >1 and  <1.7, but there 2 is no plume boundary breaking at the continental shelf. For these plumes, the low salinity water 3 occupied both westward and eastward alongshore regions with limited spreading in the offshore 4 direction as a symmetrical distribution as in Figure 4(d) . When the Type IV plume forms, the EGS 5 upwelling current always disappears along the coast. Figure 4 (d) also shows that the salinity increases 6 from the coast to the open sea and the low salinity water is more coastally trapped comparing to Type 7 III plume as in Figure 4 (c). This characteristic is another difference between Type III and IV plumes. 
25
where Q is the river discharge rate; V i is the velocity of buoyant inflow as it enters the shelf; h 0 is the 27 average depth of the mouth; and the reduced gravity which is in consistence with the observed L C as in Table 2 . 5
Dynamics of buoyant plumes 6
Studies in other large rivers such as the ChangJiang and the Mississippi have confirmed that the 7 variation of the plume size and the behaviour of the buoyant plume off the PRE are influenced by the 8 river discharge, the bathymetry, the Coriolis force, tides, winds and other mixing processes. These 9 driven forces are also dominant for the evolution of PRE buoyant plumes in summer. The details of 10 their impacts to the buoyant plume are included as follows. 11
Influence of river discharge and Coriolis force 12
A quantitative investigation of the spatial and temporal variability of the Mississippi sediment plume 13 size was conducted by Walker (1996) . It has been identified the river discharge is one of the most 14 important environmental forcing affecting the plume size, and the Mississippi plume size and the river 15 discharge were well correlated. This relationship has been also confirmed by analysing the PRE data as increase typically with the river discharge increasing. The peak river discharge of one year indicate a 21 large buoyant plume size, but the lag of the low-salinity water transport causes the abnormal large 22 plume size compared to the relative small monthly river discharge. For example, as shown in Table 2 In August, 1978, the residual effect of the earlier large discharge decreased abruptly, and the area of 26 low-salinity water is 18070 km 2 , only 33% that of July, regardless the river discharges in these two 27 months. 28
The correlated index between the summer averaged discharge and the summer-averaged plume size 29 from 1978 to 1984 comes to 0.92, for the residual effect of the earlier large discharge decreased. 30 . It can be seen that they are in a good agreement. Consequently, the 1 monthly variation of Pearl River discharge leads to the monthly variation of the average plume size. 2
For the strongest summer monsoon always come with strong river discharge, the largest river 3 discharge in summer to the shelf always formed Type III plume. 4
In the model study, the buoyant discharge turns anticyclonicly under Coriolis force predominantly 5 toward the down-shelf direction at its source in the Northern Hemisphere without wind, tide and other 6 forces (Garvine, 2001 ). An offshore bulge plume as Type I is formed off the mouth of the estuary, 7 which is due to the large density driven current. A Coriolis force driven anti-cyclonical circulation can 8 be formed on the upper layer near the mouth (Chao, 1988; Kourafalou and Lee, 1996) . The Coriolis 9 effect does result in a lateral asymmetry in both salinity distribution and the circulation driven by the 10 river discharge and the density difference. Numerical simulations have shown that an ideal offshore 11 bulge of plume would be disappeared or change into another form if the force condition changes 12 (Kourafalou and Lee, 1996). 13
The influence of winds 14
Early studies have shown that the plume shaping is highly correlated to wind conditions (Walker, 1996;  Table 1 . It can be seen that during 21
June to August, the dominant winds include E, SE winds, which are downwelling winds, and SW 22 winds which are upwelling winds. Therefore, during summer monsoon periods, the varied northern 23 continental winds would introduce different surface currents and affect the spreading of the PRE 24 plume consequently. 25
The vertical profiles of plumes in Figure 5 have shown that the PRE plumes in summer are surface-26 advected, and the bottom friction has little influence to the buoyant plumes. The study area with an ENE-WSW orientation lies at the west boundary of the SCS. Considering the 16 alongshore wind component, both the dominant S and SW winds have NE alongshore wind component, 17 while the SE and E winds have SW alongshore wind component. It means that the S and SW winds in 18 the study domain can produce NE coastal current, and the SE and E winds can drive a westward 19 coastal current. However, the statistical wind data of June to August in Table 2 shows the monthly 20 variations of local winds, which may cause the local change of coastal current and have an important 21 role in the monthly change of the plume structure during summer. 22
The Easterly Guangdong Coastal Current (EGCC) in the northern shelf of SCS is generated by the 23 southwest monsoonal winds as shown in Figure 9 . During the wet season, the plume moves towards 24 northeast with prevailing S or SW winds. The northeast extended low salinity water can induce the 25 coastal upwelling at many places along the coast of Guangdong (Han et al., 1988; Hong et al., 1991) . The influence of downwelling-favorable winds (E and SE winds) 4 Table 3 shows that E or SE winds occur most frequently in June and often in August. The monthly 5 averaged winds generate the westward alongshore current with the range of 1.2-4.8 cm/s. The wind-6 driven alongshore current is in the same direction of WGCC. The combined current pushes the river 7 discharge toward the southwest side of the PRE. In EGS region, the wind-current is dominant 8 comparing to the opposite EGCC. The discharged fresh water from the Pearl River moves southward 9
and then turns to the southwest coastal zone following the 50-m bathymetry isobath approximately. 10 Consequently, the salinity distributions clearly reveal that the plume moves westward as Type II plume 11 shown in Figure 8 (A) with I w =1.79. All Type II plumes in Table 3 The south wind event often occurs on the offshore shelf and the most frequently in the ocean between 31
HaiNan Island and PRE during typical summer monsoon, where the southwest wind prevails on the 32 other part of SCS at the same time. The monthly averaged south winds would cause a surface transport 1 toward the shore and the estuary, and the alongshore current component is 0.3-2.9 cm/s for Type IV as 2 shown in Table 3 . Then winds change to downwelling-favorable winds, the earlier 4 eastern part of Type III plume move closer to the coast and Type IV plume will be formed though the 5 averaged wind is S wind. The buoyant low-salinity water is trapped in coastal zone, and its offshore 6 movement is constricted. Type IV plume is the bi-directional plume like the Columbia River plume in 7 summer (Hickey et al, 2005) under alternative directional winds. Figure 8(C) shows that the east and 8 southwest winds appear alternatively on the shallow sea and the average wind flows southerly. 9
Therefore the plume extends towards southwest and northeast along the coastal zone, and a Type IV 10 buoyant plume is eventually formed. However, when the alongshore current is relative small (0.5~1.0 11 cm/s), a Type I plume might form under the southerly wind with 1
The influence of other ocean currents 13
The northern continental shelf of SCS is a micro-tidal region, and the mean tidal range is small with 14 the range of 0.85-1.0 m outside PRE (Zhao, 1990) . But inside PRE, the surface elevation and tidal It has been found that the plume area is highly correlated to the monthly Pearl River discharge, and 5 wind conditions determine the buoyant plume type. When the winds and the river discharge have 6 strong seasonal characteristics, the buoyant plumes have typical seasonal variation as well. For 7 example, the seasonal characteristics of the PRE plume in 1979 are presented in Figure 10 . 8
In the summer, the large quantity of fresh water which occupied 51% of the annual runoff pours into 9 PRE and spreads outward on the top of sea waters. The buoyant plume forms and spreads eastward up 10 to Shantou and westward up to the Hainan Island in July, 1979, as in Figures 10(d) . 11
In winter, only 6% of the annual runoff entered into PRE, the salt water can intrude in the estuary for 12 the rapid reduced river dynamic (Figure 10(h) ). With long mixing time and mixing distance, the water 13 is well mixed, the winter PRE plumes are solely confined within the estuary with a plume size less 14 than 2000 km 2 . 15
The spring and the autumn are transitional seasons in inter-monsoon period. There is about 40% fresh 16 water of the annual runoff flowing into the PRE estuary. After a long dry winter, the monthly averaged 17
Pearl River discharge in April 1979 increased to 8000m 3 /s, which is still less than the annual averaged 18 river discharge 10130 m 3 /s. The low-salinity water stays near the estuary, as shown in Figure 10( 
a). 19
The river discharge in October 1979 is only 5800 m 3 /s, but a Type II plume is formed under the 20 northeast and east winds. This is due to the pre-existing plume produced by the very large monthly 21 averaged discharge (22000 m 3 /s) in September 1979, as shown in Figure 10 (f, g). 22
In the summer period of June to August, the PRE buoyant plume varies. Four types of PRE buoyant 23 plume have been revealed as discussed in Sections 3 and 4. It was more likely to form Type II plume 24 in June. In July, the river discharge is the largest and the dominant wind changes to the upwelling wind, 25 the extension of low-salinity water has a great chance to be Type III plume. However, in August, the 26 plume spreading direction varies, which depends on the contribution from different forcing. All four 27 types of spreading pattern can be found as shown in Table 2 . 28
The effects of the river discharge, wind and other forces on PRE buoyant plume in summer are 29 summarized in Figure 10 . When the flood season starts in April, the result plume is still in estuary and 30 there is no buoyant plume on the shelf. With the Pearl River discharge increasing, the Type II buoyant 31 plume begins to form in May under an averaged east wind. Usually, the river discharge in June is very 32 large and the dominant wind is still downwelling-favorable wind, then Type II plume is formed. In 1 July, the summer monsoon is the strongest and the prevailing winds changes to the upwelling winds. 2
At the same time, the Pearl River discharge is largest and the extensive low-salinity water forms the 3 Type III plume where the main axis of freshwater turns eastward. But if the river discharge in June and 4
July are not large enough, the eastern spreading distance, L E , of low-salinity water is short under the 5 upwelling winds, and the structure of plume is more like a Type I plume (e.g. in July, 1980) . If the 6 upwelling wind in July continues to prevail in August, Type III plume will be formed. But if the 7 dominant winds change inversely to the down-welling wind, Type III plume first evolved to Type IV 8 plume, and then changes to the Type II plume with a long lasting down-welling wind. In the long wet 9
season (June to August), the plume size is always large, and the plume types in July and August are all 10 Type III plume under up-welling winds, and then Type IV plume in September under down-welling 11 winds (see Figure 10) . 12
The buoyant plume characteristics in summer also vary. Assuming the plume is completely confined in begins from April as usual, and the river discharge of wet season is less than that in 1979 (see Figure  21 11), the summer plume size in 1980 is consequently smaller. From June to August, when the monthly 22 averaged discharge increased from 10629 m 3 /s to 16606 m 3 /s, the winds changes from down-welling 23 winds in June to weak up-welling winds in July and strong up-welling winds in August, the buoyant 24 plume evolves from Type II to Type I, then Type III. Therefore, the buoyant plume size can be 25 estimated using the observation data of the river discharge and the meteorologic winds. The evolution 26 of plume behaviours can also be predicted. 27 28
Conclusions 29
The comprehensive field measurements of the salinity, the Pearl River discharge and wind conditions 30 and numerical simulations of the hydrodynamics from 1978 to 1984 are used to investigate the 31 morphology of the buoyant plume off PRE in summer. Both the horizontal and vertical distributions of 32 the buoyant plume off PRE are analysed. The dynamic influences of the river discharge, winds and 1 other ocean currents on the PRE plume structure are also discussed. They are summarised as: 2 1. There are four morphology types of the buoyant plume outside PRE during summer. Type I refers 3 to the offshore bulge spreading, where the low-salinity water extended seaward, but the westward 4 and eastward spreading extents of low-salinity water are limited. This type is controlled by 5 Coriolis force and affected by relative weak environmental force. Type II is defined as the 6 westward alongshore spreading, where the low-salinity water of PRE extended progressively 7 westward, while the eastward extension is restricted. Type III points to the eastward offshore 8 spreading, where the low-salinity water is carried offshore and eastward. Type IV refers to the 9 symmetrical western and eastern alongshore spreading, where the low saline water extends 10 towards the east and the west alongshore symmetrically. 11 2. All the four types of the plume are surface-advected, and have no interactions with the sea bottom. 12 3. It is revealed that the river discharge is the most important factor to the size and the shape of 13 plumes around the PRE. The monthly river discharge is highly correlated to the plume size. The 14 correlation coefficient reaches 0.85 in summer. The lag between the plume area and the river 15 discharge is small in normal conditions. Generally, in a wet season, a Type II plume is formed 16 initially; then it is evolved to Type III plume under strong summer monsoon and the 17 corresponding strong river discharge. But a Type IV or a Type II plume can be formed under 18 down-welling winds. 19 4. It is found that winds play a very important role in forming the plume morphology in the northern 20 shelf of SCS in summer. The alongshore wind stress and the coastal currents determine the 21 alongshore plume spreading. During summer monsoon, the southwest, the south, the southeast and 22 the east winds occur most frequently. East and southeast winds drive the buoyant plume westward 23 to form a Type II plume. Strong southwest winds can cause the separation of the eastward plume 24 and move offshore to form a Type III plume. South winds confine the offshore spreading, but 25 drive the PRE plume eastward and westward symmetrically to form a Type IV plume. When the 26 alongshore current is large but with opposing wind, a Type I plume might form. 27 5. When the plume extends progressively outside the shelf, the plume dynamic would be affected by 28 other circulations of the northern of SCS such as Dongsha Current and SCS Warm Current. 29
In the present study, a better understanding of the transport dynamics of the buoyant plume is obtained. 30
The governing parameters and plume characteristics for the four types of horizontal buoyant plumes 31 are summarised in Table 4 . This is of great significance for the further study of other coastal processes 32 such as the sediment transport t and the physical/biological interactions related to PRE. At present, the 33 wave effects have not been taken into account. It would be greatly recommended to study the 1 relationship between the tide, the current, the wave with the buoyant plume and the sediment 2 dispersion outside PRE. 
